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Abstract: This work presents simulation, analysis and implementation of morphology 
tuning of gold nano-island structures deposited by a novel convective assembly technique. 
The gold nano-islands were simulated using 3D Finite-Difference Time-Domain (FDTD) 
techniques to investigate the effect of morphological changes and adsorption of protein 
layers on the localized surface plasmon resonance (LSPR) properties. Gold nano-island 
structures were deposited on glass substrates by a novel and low-cost convective assembly 
process. The structure formed by an uncontrolled deposition method resulted in a 
nano-cluster morphology, which was annealed at various temperatures to tune the optical 
absorbance properties by transforming the nano-clusters to a nano-island morphology by 
modifying the structural shape and interparticle separation distances. The dependence of 
the size and the interparticle separation distance of the nano-islands on the LSPR properties 
were analyzed in the simulation. The effect of adsorption of protein layer on the 
nano-island structures was simulated and a relation between the thickness and the 
refractive index of the protein layer on the LSPR peak was presented. Further, the 
sensitivity of the gold nano-island integrated sensor against refractive index was computed 
and compared with the experimental results. 
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1. Introduction 

The development of novel nano-fabrication technologies has attracted significant attention because 
of the plasmonic properties of nanomaterials and the feasibility of exploiting them for the label-free 
detection of biological and chemical substances. Surface plasmon resonance (SPR)-based sensors for 
the label-free detection of protein-protein interactions [1,2], DNA hybridization [3] and bacteria [4] 
have been widely reported. The SPR-based sensor is based on the propagation of surface plasmon 
waves produced by coupling of light to a thin noble metal layer by a grating coupler or near field 
excitation [5]. SPR-based sensors have however several drawbacks, including lower spectral resolution 
and the need for large equipment. Noble metal nanoparticles (NPs) such as gold and silver exhibit 
unique optical resonance properties in the visible and near-infrared (NIR) regions of the 
electromagnetic spectrum, and they have been proven to be useful for label-free detection [6-9] and 
feasible to integrate in a microfluidic device for the development of lab-on-a-chip devices [10]. The 
optical resonance behavior of NPs is commonly referred to as localized surface plasmon resonance 
(LSPR), which is due to the resonance response of the free electrons of the nanoparticles to the electric 
field of the light. One of the main advantages of LSPR-based sensor over the SPR-based sensor is that 
the LSPR properties of nanoparticles can be tailored to meet the requirements of different applications 
and the sensitivity enhanced by changing the size and shape of the nanoparticles. 

LSPR-based sensors are typically fabricated using metal nanoparticles immobilized on an optically 
transparent substrate [11,12]. Therefore, the immobilization of nanostructures with nanoparticles of 
various sizes and shape is an important fabrication process for the development of nano-biosensors. 
Subsequently the biomolecules are adsorbed on the nanostructures and hence the biomolecular 
interaction can be assessed by monitoring the position and/or intensity of the LSPR band by 
transmission or reflection spectroscopy. The essential qualities of the nanostructures for biosensing 
applications are good adhesion to the substrate, ease of modification of the morphology of the 
nanostructures to tune the optical properties to achieve higher sensitivity, etc. Some of the widely 
employed fabrication processes for the fabrication of nanostructures are nano-sphere lithography 
(NSL) [13,14], vapor deposition [15], direct thermal deposition and electrochemical deposition [12], etc. 
NSL is useful for the deposition of ordered nanostructure by depositing a metallic nano-film on a 
self-assembled polystyrene spheres. Evaporation of gold film and annealing to yield a nanostructure 
film is a useful method. However the expensive instrumentation and poor adhesion are the drawbacks 
of this approach. 

In a recent work, partially embedded gold nanoparticles were produced by annealing a gold film on 
a glass surface, with higher sensitivity for biosensing [16]. The convective assembly of nanoparticles 
using complex and expensive apparatus for the controlled deposition of nanoparticles is reported [17]. 
Polymer-gold (or silver) nanocomposites are also reported to be useful for the biosensing 
applications [18-20]. Hence the process of formation nanostructures on the substrate with suitable 
LSPR band is an important task in the development of nano-biosensor. The gold nano-islands obtained 
by the proposed low-cost convective assembly and annealing have been already demonstrated for the 
detection of growth hormone in a microfluidic chip in our previous work [21]. 

In the present work, 3D Finite-Difference Time-Domain (FDTD) simulation of gold nano-islands 
and nano-clusters and a comparison with the experimental results is reported. The utility of the FDTD 
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technique for the simulation of gold nanospheres [22], nano-islands [16] and gold nanorods [23] has 
been widely demonstrated. The fabrication process of the nano-islands morphology including the 
intermediate stages of formation of nano-islands from nano-cluster morphology and the changes of 
optical properties are explained. The proposed method is an uncontrolled and simple convective 
assembly, which resulted in gold aggregates with a wide absorbance spectrum spreading in the visible 
and near-infrared regions of light. The morphology of gold aggregates is not useful for biosensing 
because of their wide resonance peak, therefore the modification of the morphology for the desired 
optical resonance property is achieved by a post-deposition annealing process. The tuning of 
morphology is analyzed by 3D FDTD simulation. In the simulation, nano-islands are approximated to 
hemispheres as they resemble a hemi- spherical structure, as we can observe in the SEM images. The 
optical resonance of the nano-cluster is investigated with four hemispheres separated by a distance "cf '. 
The values of "d" is varied to study the nano-cluster effect, the distance "d" is in fact varying during 
the post-deposition annealing process. The modification of LSPR of the gold-hemisphere was 
simulated with a protein layer of certain refractive index and thickness. In addition, the effects of 
thickness and refractive index on the LSPR properties were also investigated. The refractive index 
sensitivity of the gold-nano hemisphere was estimated at 89.749 nm/RIU and compared with the 
experimental result of 62.879 nm/RIU. 

2. Localized Surface Plasmon Resonance 

Localized surface plasmon resonance (LSPR) is due to the surface plasmon waves produced from 
the collective oscillations of electrons by illuminating the nanoparticles. The oscillation of electrons in 
metal is described by the dielectric function as by the Drude-Lorentz [24] model as: 

VG <jil 

£ = £l 5— ^ — + 5 — (1) 

co + iya) — co + jya) + co 0 

where £ L is the dielectric constant for the lower wavelengths, <D p is the plasma frequency of the free 
electrons, co is the angular frequency of the light illuminating to the nanoparticles, co 0 is the resonance 
frequency and y is collision frequency of the electrons present in the bulk materials. In the case of 
nanoparticles, as the size of the nanoparticles is much smaller than -10 to 100 nm, the wavelength of 
the light, the oscillation of the electrons can be approximated to a dipole oscillation, therefore, the 
collective oscillation of electrons due to electric field can be described by dipolar polarizability [25] a: 

(a — £ m ) 

where V is the volume of the nanoparticle, e m is the dielectric constant of the medium and s is a factor 
which depends on the shape of the nanoparticles. From Equation (2), we can see that the 
polarizability a is maximum when real part of the s is equal to se m , and the a> p satisfying this condition 
is the localized surface plasmon frequency of the particle. Therefore, from Equations (1) 
and (2), we can see that LSPR property depends on the bulk plasma frequency co p , the geometry factor 
s and the medium where the nanoparticle is placed (e TO ). 

The surface plasmon results in a strong confinement of the electric field in the surface of the 
nanoparticles, therefore, if two nanoparticles are brought together, the near-fields of two nanoparticles 
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will interact and the electric field experienced on each particle is a resultant field. Due to the 
interaction of the near-fields, the plasmon resonance of two NPs gets coupled with the influence of 
neighboring particles resulting in a modulated LSPR band. 

In this work, a novel method of manufacturing nano-island structures on glass is discussed. The 
nano-cluster morphology produced by the convective assembly was transformed to nano-islands by 
post-deposition annealing. The effect of annealing temperature on the morphological transformation 
and the optical absorbance property was characterized by SEM and UV- Visible spectroscopy, 
respectively. The nano-island morphology was simulated with a gold nano-hemisphere model and the 
optical property of the nano-clusters is analyzed by 4-gold hemisphere models in FDTD. The 
sensitivity of the morphology to refractive index was simulated and compared with the 
experimental results. 

3. FDTD Modeling 

The FDTD method solves Maxwell's differential equations by discretizing using the central 
difference in space and time and numerical solving. Maxwell's equations relate the temporal change of 
electric field E on the spatial change of magnetic field (H = B/u), and vice versa. 

FDTD uses a second order finite centered approximation to the space and time derivatives in 
Maxwell's curl equations to get a discrete electromagnetism. In the FDTD method, an orthogonal 
cubic spatial grid called Yee unit cell is defined and hence the electric and magnetic field components 
are computed at each cell at time instants delayed by the half sampling time steps [26]. The material 
can be modeled by specifying its characteristics at every cell [27]. 

A commercially available software, RSoft FullWAVE, is used for the FDTD simulation of the gold 
nano-island structures. In the FDTD modelling, the gold nano-island is approximated to a hemisphere 
as seen in the SEM images (Section 4) where the nano-islands resemble a hemisphere. As the 
morphology tuning is the major focus in the present work, the effects of interparticle coupling distance, 
size of nano-islands and biosensing potential are investigated by estimating the LSPR properties of the 
nano-islands. The perfectly matched layer (PML) [28] boundary condition is used on the boundaries of 
the simulation domain, that is the boundary walls of the simulation domain are conductive to both the 
magnetic and electric fields, hence the light is completely absorbed on the boundary without 
any reflections. 

Figure la shows a schematic of the model, wherein a gold nano-hemisphere was excited by a source 
with plane waves originating from a square launch pad with a transverse electric field. A pulse 
excitation type is used to excite the gold nano-hemisphere. The gold nano-hemisphere was kept in a 
power monitor to monitor the total power absorbed to the nano-hemisphere. Figure lb shows the 3D 
view of the gold nano-hemisphere modeled in the Rsoft FullWAVE. The electric field distribution on 
the gold nano-hemisphere simulated by FDTD is shown in Figure lc. By using the Fast Fourier 
Transform (FFT) algorithm, the absorbance spectrum of the gold nano-hemisphere was computed. As 
the simulation domain is discretized into small elements called grids or mesh, the size of the mesh 
decides the accuracy of the model. Large computational resources and long times are required for the 
simulation with smaller mesh elements, hence a mesh convergence study is carried out to find the 
optimum mesh size, which was found to be 1 nm. 
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Figure Id shows the absorbance spectrum computed by FDTD. The diameter of the gold 
nano-hemisphere was set at 70 nm. The size of the nano-island was chosen at 70 nm as the proposed 
process of morphology tuning results in a nano-island morphology having an average size of 70 nm as 
explained in reference [21] and also briefly in Experimental Section (Section 4). The simulation shows 
an optical absorbance spectrum having a LSPR peak at 543 nm. 

Figure 1. (a) Schematic of the model (b) 3D-FDTD model of the gold nano-hemisphere 

(c) electric field distribution estimated by FDTD in the gold nano-hemisphere and 

(d) optical absorbance spectrum of the gold nano-hemisphere by FDTD simulation. 
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3.1. Dependence of the Size of Gold Nano-hemisphere on the Optical Absorbance Spectrum 

A hemisphere was simulated to establish a relation between the size and the resonance peak of the 
gold nano-hemisphere. The simulation shows that the increase in the diameter (D) of the gold 
nano-hemisphere results in a gradual shift of optical absorbance peak towards the higher wavelength 
(Figure 2a). 

Figure 2. (a) Optical absorbance spectrum of gold nano-hemisphere (b) a red-shift of peak 
wavelength against the size of the gold nano-hemisphere. 
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The spectrum showed an increase in peak wavelength and in the intensity of the LSPR spectrum 
against the diameter (D). Moreover the spectrum is found to be widening as the size of the hemisphere 
increases. The diameter of the gold nano-hemisphere is increased from 40 to 90 nm. A linear trend for 
absorbance peak wavelength is observed as shown in the Figure 2b. A similar trend is observed in the 
case gold nanosphere [29] and nanorods [30] in the literature. 

3.2. Modeling of Morphology Transformation 

The FDTD model used for the investigation of morphological transformation is shown in Figure 3a. 
The model consists of four gold nano-hemispheres separated by distance d (Figure 3b). The diameter (D) 
of the hemisphere was 70 nm. The refractive index distribution of the model is shown in Figure 3b. All 
four hemispheres were kept in a single power monitor to investigate the resultant LSPR band. As 
explained before, the structure was excited with a pulse and by using the FFT, the LSPR spectrum was 
obtained. The effect of the separation distance (d) for four gold nano-hemispheres and the interparticle 
coupling effects on the LSPR property of the morphology are studied using this model. The spacing d 
was varied equally in both directions. 

Figure 3. (a) FDTD model of the four hemisphere morphology (b) refractive index 
distribution of the FDTD model from the top of the model. 
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Figure 4 shows the simulation results of the interparticle coupling effects on the LSPR property. 
The plasmon shift (AX) is the shift of the peak wavelength of the LSPR spectrum of the four 
nano-hemispheres from the peak wavelength of the single hemisphere from a certain separation 
distance d. The separation distance d of the nano structures is increased from 0 nm to 50 nm and the 
LSPR spectrum is computed for each d. When the particles were touching each other (d = 0), the 
optical absorbance spectrum was a wide band as shown in Figure 4. When the d was increased to 1 nm, 
a dramatic change in LSPR band is observed, that is, two clearly defined bands were obtained, one 
wide band similar to that of touching structure and a narrow peak at 725 nm. When the particles are 
too close (d < 5 nm) or touching each other (d = 0), gold hemispheres interact through the strong 
coupling of electric fields to each other, which alter the extinction spectra and hence a resultant spectra 
having dual peaks is observed. When the d was further increased, the band at higher wavelength was 
found to be moving towards the lower wavelength and the wide band observed in the lower 
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wavelengths was found to be slowly vanishing. When the d was increased to 25 nm or above, only a 
single band same as that of a single gold nano-hemisphere is observed. The LSPR spectrum of the 
single gold hemisphere is also presented in the Figure 4. 

Figure 4. LSPR spectrum of the gold nano-hemisphere against the particle separation 
distance d. 
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The resultant LSPR band arises from the near- field coupling between the particles. The simulation 
demonstrates that the near-field coupling of the gold nano-hemisphere is negligible when the 
separation distance d is 25 nm or above, and the hemispheres are completely isolated from the 
near-field coupling. 

Figure 5. The influence of spacing on near field coupling strength between four gold 
nano-hemispheres . 
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It has been already observed that the plasmon shift decays almost exponentially against the 
interparticle separation distance for the case of two metal nano-spheres [31,32]. In the present study, 
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the FDTD simulation with four gold nano-hemispheres also exhibited an exponential decay in the 
plasmon shift against the separation distance as shown in Figure 5. The simulations carried out for 
different diameters of the nano-hemispheres resulted in almost the same exponential trend. That 
means, the near-field coupling strength AAAs falls almost exponentially over a distance of 0.3 times 
the diameter of the nano-islands, regardless of the size of the islands. Therefore, the interparticle 
coupling effects of smaller islands in the annealed morphology (Section: 4) contributes less in the 
resultant LSPR band as compared to larger nano-islands. 

3.3. Sensitivity of LSPR of the Gold Nano-hemisphere to Adsorbing Protein Layer 

It is important to investigate the sensitivity of the LSPR peak to the change in refractive index for 
the biosensing process. In biosensing, the analytes bind to the gold nanostructure and the refractive 
index of the environment of the gold changes, resulting in a shift of the LSPR band. For that, a model 
composed of a gold nano-hemisphere with a sensing layer equivalent to a protein layer having certain 
refractive indices, covering the whole surface of the nanostructure was used. Figure 6a shows the 
schematic representation of the model of a gold nano-hemisphere with a layer of protein. 

Figure 6. (a) Schematic of biosensor with gold hemispheres and a protein layer, change of 
LSPR spectrum against the thickness of the protein layer with a refractive index of (b) 1.5 
and (c) 1.4. 





The thickness and the refractive index of the protein layer could affect the optical absorbance 
property of the nanostructure, hence the effects of both the thickness and the refractive index were 
investigated. First, the refractive index was kept constant and the thickness of the protein layer was 
varied from 0 to 140 nm, subsequently the simulation was repeated for various refractive indices. 
Figure 6b and c show the change of LSPR spectrum of the gold-nano hemisphere against the thickness 
of the protein layer for the refractive index of 1.5 and 1.4, respectively. 
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The refractive index was varied from 1.3 to 1.5 as most proteins have a refractive index in this 
range [33]. The results presented in Figure 7 show that the shift of absorbance peak is saturating when 
the thickness of the protein layer is equal to or greater than 60-70 nm. Hence, the gold 
nano-hemisphere is suitable for sensing surface-assisted phenomena, which is attractive for the specific 
detection of antigen- antibody interactions. 

Figure 7. Variation of LSPR peak against the thickness of the protein. 
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In Figure 7, three protein layer thickness regions could be identified. Since the size of large 
bimolecules is between 10 and 20 nm [33], the protein layer of antibodies adsorbing on the gold 
hemisphere for a sandwiched immunoassay appears in region (a) of Figure 7. Then the antigen is 
added to the antibody layer, and the total thickness is between 40 and 50 nm (region (b) of Figure 7). 
The region above 60-70 nm of Figure 7 is insensitive to the thickness of the bio-layer. Therefore the 
simulation results show that gold nano-hemisphere is highly suitable for the detection of biomolecules, 
including large biomolecules such as proteins. 

4. Manufacturing of Nano-islands on a Substrate 

The process of formation of widely separated nano-islands from the nanocluster is explained in [21]. 
In the present work, the dependence of the morphology and optical property of the nanostructure on 
annealing temperature is explained. The strategy designed for the formation of widely separated 
nano-islands is illustrated in Figure 8. It is relatively easy to form a multilayer of nanoparticles on the 
substrate in an unorganized format. For that, the particles need to be strongly adsorbed to the substrate 
from a colloidal suspension. Since the process of preparing a gold colloidal solution is an easy and low 
cost process, the gold colloidal solution of spherical gold nanoparticles were prepared by reducing 
chloroauric acid by sodium citrate using Turkevich's method [34]. The nanoparticles from the 
colloidal suspension were adsorbed on the substrate by using a novel angled convective assembly 
technique as shown in Figure 8a. The nanoparticles from the colloidal suspension were driven to the 
substrate and adsorbed upon evaporating the solvent. Even though the proposed angled convective 
assembly is not a precise or controlled process, it is simple and useful for the formation of aggregates 
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or multilayers of gold nanostructures as shown in Figure 8b. Subsequently, by using heat treatment, 
morphological transformation of the aggregates into nano-islands is achieved. 

Figure 8. Fabrication strategy of the gold nano-island structure on a substrate, (a) angled 
convective assembly [21] (b) schematic of gold aggregates and (c) schematic of gold 
nano-islands structure. 
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The glass substrate was cleaned with a soap solution, deionized water, then rinsed with acetone, 
dried and rinsed with 2-propanol. Then the substrate was silanized and washed in toluene and heated in 
an oven at 100 °C for 1 h before the deposition process. For the silanization, the substrates were 
soaked for 1 h in 1% 3-(mercaptopropyl)trimethoxysilane (MPTMS) in ethanol. The glass substrate 
was immersed in the gold colloidal solution at an angle of approximately 30° in vials and kept in the 
oven at temperatures between 60 and 80 °C for 1-2 days, until the whole amount of gold was 
transferred to the substrate as shown in Figure 8b. Then the nanocluster morphology was annealed at 
various temperatures to study the changes of morphological and optical properties. 

Figure 9 shows a comparison of the optical properties of widely separated nano-islands of average 
diameter of 70 nm with the simulated spectrum. Figure 9b shows the absorbance spectrum computed 
by FDTD for a gold nano-hemisphere of 70 nm diameter. The measured and the simulated LSPR peaks 
are at 545 and 543 nm, respectively and the shape of both of the spectra was found to be slightly 
different. The size of the nano-islands on the structures annealed at 550 °C (Figure 10c) varies from 10 
to 100 nm while the modeling was carried out with a gold hemisphere of 70 nm. The size distribution 
of the nano-islands could contribute to the difference in the shape of the spectrum in Figure 9. The 
simulation results show that the approximation of a gold nano-hemisphere by 70 nm diameter, with 
widely separated nano-islands morphology is closer to reality. 
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Figure 9. (a) Measured LSPR spectrum (b) simulated LSPR spectrum of the gold 
nano-hemisphere. 
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The nano-cluster sample had a dark blue color. The morphology of the deposition is investigated by 
scanning electron microscopy (SEM). Figure 10a shows the SEM micrograph of the sample after the 
deposition. As expected, the uncontrolled convective assembly resulted in a nano-cluster morphology. 
The sample was annealed at various temperatures to investigate the morphological transformations. 
When the sample was heat treated, its color turned red. 

Figure 10. SEM micrographs of (a) nano-cluster obtained after deposition (b) annealed at 
400-450 °C (c) annealed at 550-600 °C [21]. 




(a) (b) (C) 

Figure 10b shows the morphology obtained after annealing at 400 to 450 °C for 1 h. A dramatic 
change in morphology is observed upon annealing and the particle size ranges from 10 to 100 nm with 
an average separation distance of 10 nm. During the annealing, as the melting point of nanostructures 
is much lower than its bulk form, the nano-cluster is melting and due to the high surface tension of the 
molten metal, the cluster morphology transforms into a droplet-like nano-island morphology. When 
the annealing temperature was further increased to 550-600 °C, the separation distance between the 
nano-island have been found to increase as shown in Figure 10c. The morphology is composed of 
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nanoparticles of sizes ranging from 10 to 100 nm and they are widely separated each other. Around 60 
to 70% of the particles in an area of 1 um were found having a size between 40 and 80 nm with an 
average separation distance of 50 nm, when the sample was annealed at above 550 °C. The adhesion of 
the nano-islands to the glass substrate is found to be strong and hence they are suitable for biosensing 
with repeatable results as demonstrated in our previous work [21]. 

The LSPR property of the samples was measured by UV- Visible spectrophotometer (Perkin Elmer, 
LABMDA 650). The UV- Visible absorbance spectrum measured for the three samples shown in 
Figure 10, is presented in Figure 11. The UV- Visible spectrum of the nano-cluster morphology 
obtained after the convective assembly was a wide band extending from 475 nm to 675 nm as 
presented in Figure 11a. The annealing of sample at 400-450 °C resulted in an LSPR band with two 
peaks as shown Figure lib. When the samples were annealed at temperatures in the range 
of 550-600 °C, a single peak was obtained as shown in Figure 11c. A batch of 20 samples annealed at 
550 °C for 1 h had a resonance peak at 545 + 10 nm. The adhesion of the NPs with the substrate was 
found to be less good for annealing temperatures around 550 °C. To increase the adhesion, the 
annealing temperature was further increased to 600 °C and annealing was carried out for 20 h, which 
resulted in a nano-island morphology with very strong adhesion and a more stable resonance peak 
at 545 + 5 nm. 

Figure 11. UV- Visible absorbance spectrum of (a) non-annealed sample (b) samples 
annealed at 400-450 °C, and (c) samples annealed at 550-600 °C. 
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The trend observed in Figure 4 was also observed in the experimental results given in Figure 11, 
wherein, when the samples were annealed at 400^-50 °C, a closely packed nano-island morphology is 
obtained. Because of the strong near field coupling effects of closely packed nano-islands, the resultant 
LSPR band was found to have dual peaks (Figure lib). Similar dual peaks were also observed in our 
previous work with samples deposited from a gold solution of lower concentration [21]. When the 
annealing temperature was increased to 550-600 °C, the peak in the higher wavelengths vanished and 
only one band is obtained due to the change in morphology and spacing (d) similar to the results in 
Figure 4. 
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5. Refractive Index Sensitivity of Gold Nano-Hemispheres 

In order to assess the suitability of the nano-island-integrated platform for biosensing, the 
sensitivity of the nano-islands to the change in refractive index of the sensing layer has to be 
determined. Therefore the change of LSPR peak against the change of refractive is measured by using 
solvents with known refractive indices. Annealed samples were placed in a cuvette filled with a 
solvent and placed in the light path of the UV- Visible spectrophotometer. Herein, as the sample is 
placed in the bulk liquid the thickness of refractive index layer is insensitive to the LSPR band. 
De-ionized (DI) water with a refractive index of 1.33 was used as the reference solvent. The shift of 
LSPR (AX) for solvents was measured with reference to the LSPR peak corresponding to DI water. 
The LSPR spectrum measured for various solvents are shown in Figure 12a. 

From Section 3.3, we have seen that the LSPR peak is not sensitive to the thickness of the protein 
layer when the thickness was greater than 60 nm, but only to the refractive index. Therefore, in order 
to investigate the refractive index sensitivity of gold nano-hemispheres, the hemispheres with a 
diameter of 70 nm were simulated with a sensing layer of 140 nm thickness and with different 
refractive indices. The refractive indices of the solvents used in the experiments are used in the FDTD 
model. Figure 12b shows the change of LSPR observed from the FDTD simulation for various solvents. 

Figure 12. Shift of LSPR band in various solvents (a) measured and (b) simulation. 




The refractive index sensitivity can be assessed using the relation between LSPR shift (AX) and the 
change in refractive index (An). Where AX and An are defined as: 

AX= X m - X w (3) 
An = n m - n w (4) 

where AX is the change in the absorbance peak wavelength, X m is the absorbance peak wavelength 
corresponding to the medium with a known refractive index, X w is the absorbance peak wavelength 
corresponding to de-ionized water, An is the difference between the refractive indices of the solvent 
and that of water, n m is the refractive index of the solvent and n w is the refractive index of water. 
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Figure 13. Measured and simulated variation of LSPR shift against the change in 
refractive indices. 
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The variation of LSPR shift (AX) against the change of refractive index (An) is shown in Figure 13. 
The error bar given in the experimental results corresponds to the standard deviation of measurements 
taken from 10 samples (the data used was from reference [21]). The LSPR sensitivity against refractive 
index, as measured by the slop of the graph shown in Figure 13 is 62.879 nm/RIU. The sensitivity 
predicted by FDTD simulation is 89.749 nm/RIU, as shown in Figure 13. The slight disagreement 
between the simulated and the measured sensitivity is due to the approximation of the nano-islands 
morphology with a single gold nano-hemisphere of 70 nm diameter. 

There are several works in the literature on the fabrication and simulation of nanoparticle-based 
sensors. An array of nano-rods was fabricated using e-beam lithography and the refractive index 
sensitivity was 140 nm/RIU [35]. The spherical gold nanoparticles deposited using layer by layer 
deposition showed an enhanced sensitivity of 240 nm/RIU. Though the refractive index sensitivity of 
our method is lower than the other methods, our method has several advantages, including the 
simplicity in fabrication, low cost and suitability for integration with the microfluidic based biosensor 
as we demonstrated in our previous papers [21,36], which shows that the proposed nano-island-based 
sensor has higher sensitivity towards larger biomolecules such as growth hormone. 

6. Conclusions 

FDTD modeling of a morphological transformation of nano-clusters into nano-islands and its LSPR 
sensitivity is presented in this paper. Formation of a nano-island morphology by a simple and low-cost 
convective assembly followed by a post-deposition annealing is discussed. The nano-cluster is 
modeled with four gold nano-hemispheres, and the separation distance between them is varied to study 
coupling effects and the resultant LSPR spectrum. It is found that the near-field coupling strength falls 
exponentially for a spacing of 0.3 times the diameter of the nano-islands. Hence the field coupling 
effects due to smaller particles in the nano-island morphology is considered negligible. The biosensing 
potential of the gold nano-islands is investigated with an equivalent biosening layer having different 
thickness and refractive indices. The effects of thickness of the protein layer on the LSPR properties 
are found negligible when the thickness was greater than 60 nm, making the nano-island morphology 
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highly suitable for the detection of antigen- antibody interactions, even for the larger molecules such as 
proteins and peptides. The LSPR sensitivity against refractive index sensitivity was investigated 
experimentally and theoretically. The theoretical sensitivity is 89.749 nm/RIU, which is found to be 
greater than the experimentally obtained sensitivity of 62.879 nm/RIU. The simulation is carried out 
with a simplified model of the nano-island morphology, in which a single gold hemisphere having the 
diameter of 70 nm is approximated with nano-island morphology obtained with the annealing 
temperature of 550 °C. However, the sensitivity analysis shows that the simulation and experimental 
results have same trend. 

Acknowledgments 

Authors would like to thank Ministere du Developpement Economique, Innovation et Exportation 
(MDEIE) Quebec and Concordia Research Chair. 

Author Contributions 

Muthukumaran Packirisamy designed the research. Jayan Ozhikandathil performed the research. 
Muthukumaran Packirisamy and Jayan Ozhikandathil analysed data and wrote the paper. 

Conflicts of Interest 

The authors declare no conflicts of interest. 
References 

1. Larsson, E.M.; Alegret, J.; Kail, M.; Sutherland, D.S. Sensing Characteristics of NIR Localized 
Surface Plasmon Resonances in Gold Nanorings for Application as Ultrasensitive Biosensors. 
Nano Lett. 2007, 7, 1256-1263. 

2. Chung, T.; Lee, S.Y.; Song, E.Y.; Chun, H.; Lee, B. Plasmonic Nano structures for Nano-Scale 
Bio-Sensing. Sensors 2011, 11, 10907-10929. 

3. Endo, T.; Kerman, K.; Nagatani, N.; Takamura, Y.; Tamiya, E. Label-Free Detection of Peptide 
Nucleic Acid-DNA Hybridization using Localized Surface Plasmon Resonance Based Optical 
Biosensor. Anal. Chem. 2005, 77, 6976-6984. 

4. Sanvicens, N.; Pastells, C; Pascual, N.; Marco, M. Nanoparticle-Based Biosensors for Detection 
of Pathogenic Bacteria. TrAC Trends Anal. Chem. 2009, 28, 1243-1252. 

5. Heutmekers, T.H.J.; Bremer, M.G.E.G.; Haasnoot, W.; Nielen, M.W.F. A Rapid Surface Plasmon 
Resonance (SPR) Biosensor Immunoassay for Screening of Somatotropins in Injection 
Preparations. Anal. Chim. Acta 2007, 586, 239-245. 

6. Dasary, S.S.R.; Singh, A.K.; Senapati, D.; Yu, H.; Ray, P.C. Gold Nanoparticle Based Label-Free 
SERS Probe for Ultrasensitive and Selective Detection of Trinitrotoluene. J. Am. Chem. Soc. 
2009, 131, 13806-13812. 

7. Nusz, G.J.; Marinakos, S.M.; Curry, A.C.; Dahlin, A.; Hook, F.; Wax, A.; Chilkoti, A. Label-Free 
Plasmonic Detection of Biomolecular Binding by a Single Gold Nanorod. Anal. Chem. 2008, 80, 
984-989. 



Sensors 2014, 14 



10512 



8. Yuan, Y.; Zhang, J.; Zhang, H.; Yang, X. Silver Nanoparticle Based Label-Free Colorimetric 
Immunosensor for Rapid Detection of Neurogenin 1. Analyst 2011, 137, 496-501. 

9. Roy, S.; Dixit, C.K.; Woolley, R.; O'Kennedy, R.; McDonagh, C. Label-Free Optical 
Characterization Methods for Detecting Amine Silanization Driven Gold Nanoparticle 
Self-Assembly. Langmuir 2011, 27, 10421-10428. 

10. Medina-Sanchez, M.; Miserere, S.; Merkoci, A. Nanomaterials and Lab-on-a-Chip Technologies. 
Lab Chip 2012, 12, 1932-1943. 

11. Nath, N.; Chilkoti, A. Label-Free Biosensing by Surface Plasmon Resonance of Nanoparticles on 
Glass: Optimization of Nanoparticle Size. Anal. Chem. 2004, 76, 5370-5378. 

12. Szunerits, S.; Praig, V.G.; Manesse, M.; Boukherroub, R. Gold Island Films on Indium Tin 
Oxide for Localized Surface Plasmon Sensing. Nanotechnology 2008, doi:10.1088/ 
0957-4484/19/19/195712. 

13. Haes, A.J.; Zou, S.; Schatz, G.C.; Van Duyne, R.P. Nanoscale Optical Biosensor: Short Range 
Distance Dependence of the Localized Surface Plasmon Resonance of Noble Metal Nanoparticles. 
J. Phys. Chem. B 2004, 108, 6961-6968. 

14. Yonzon, C.R.; Stuart, D.A.; Zhang, X.; McFarland, A.D.; Haynes, C.L.; Van Duyne, R.P. 
Towards Advanced Chemical and Biological Nanosensors — An Overview. Talanta 2005, 67, 
438-448. 

15. Doron-Mor, I.; Cohen, H.; Barkay, Z.; Shanzer, A.; Vaskevich, A.; Rubinstein, I. Sensitivity of 
Transmission Surface Plasmon Resonance (T-SPR) Spectroscopy: Self-Assembled Multilayers on 
Evaporated Gold Island Films. Chem.-Eur. J. 2005, 11, 5555-5562. 

16. Moirangthem, R.S.; Yaseen, M.T.; Wei, P.; Cheng, J.; Chang, Y. Enhanced Localized Plasmonic 
Detections using Partially-Embedded Gold Nanoparticles and Ellipsometric Measurements. 
Biomed. Opt. Express 2012, 3, 899-910. 

17. Prevo, B.G.; Fuller III, J.C.; Velev, O.D. Rapid Deposition of Gold Nanoparticle Films with 
Controlled Thickness and Structure by Convective Assembly. Chem. Mater. 2005, 17, 28-35. 

18. Zhang, Q.; Xu, J.J.; Liu, Y.; Chen, H.Y. In-situ Synthesis of Poly(Dimethylsiloxane)-gold 
Nanoparticles Composite Films and its Application in Microfluidic Systems. Lab Chip 2007, 8, 
352-357. 

19. Ozhikandathil, J.; Badilescu, S.; Packirisamy, M. Synthesis and Characterization of Silver-PDMS 
Nanocomposite for the Biosensing Applications. Proc. SPIE 2011, doi: 10. 11 17/12.905622. 

20. Devi, P.; Badilescu, S.; Packirisamy, M.; Jeevanandam, P. Synthesis of Gold-Poly 
(Dimethylsiloxane) Nanocomposite through a Polymer-Mediated silver/gold Galvanic 
Replacement Reaction. Gold Bull. 2010, 43, 307-315. 

21. Ozhikandathil, J.; Badilescu, S.; Packirisamy, M. Gold Nanoisland Structures Integrated in a 
Lab-on-a-Chip for Plasmonic Detection of Bovine Growth Hormone. J. Biomed. Opt. 2012, 17, 
doi: 10.1 117/l.JBO. 17.7.077001. 

22. Myroshnychenko, V.; Rodriguez-Fernandez, J.; Pastoriza-Santos, I.; Funston, A.M.; Novo, C; 
Mulvaney, P.; Liz-Marzan, L.M.; Garcia de Abajo, F.J. Modelling the Optical Response of Gold 
Nanoparticles. Chem. Soc. Rev. 2008, 37, 1792-1805. 

23. Stoenescu, S.; Truong, V.; Packirisamy, M. Dichroic Optical Properties of Uniaxially Oriented 
Gold Nanorods in Polymer Films. Plasmonics 2014, 9, 299-307. 



Sensors 2014, 14 



10513 



24. Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters; Springer: Berlin, Germany, 1995; 
Volume 25. 

25. Jain, P.K.; Eustis, S.; El-Sayed, M.A. Plasmon Coupling in Nanorod Assemblies: Optical 
Absorption, Discrete Dipole Approximation Simulation, and Exciton-Coupling Model. J. Phys. 
Chem. B 2006, 110, 18243-18253. 

26. Yee, K. Numerical Solution of Initial Boundary Value Problems Involving Maxwell's Equations 
in Isotropic Media. IEEE Trans. Antennas Propag. 1966, 14, 302-307. 

27. Chew, W. Electromagnetic Theory on a Lattice. J. Appl. Phys. 1994, 75, 4843-4850. 

28. Berenger, J.P. A Perfectly Matched Layer for the Absorption of Electromagnetic Waves. J. 
Comput. Phys. 1994, 114, 185-200. 

29. Link, S.; El-Sayed, M.A. Shape and Size Dependence of Radiative, Non-Radiative and 
Photothermal Properties of Gold Nanocrystals. Int. Rev. Phys. Chem. 2000, 19, 409-453. 

30. Chen, H.; Kou, X.; Yang, Z.; Ni, W.; Wang, J. Shape- and Size-Dependent Refractive Index 
Sensitivity of Gold Nanoparticles. Langmuir 2008, 24, 5233-5237. 

31. Jain, P.K.; El-Sayed, M.A. Plasmonic Coupling in Noble Metal Nanostructures. Chem. Phys. Lett. 
2010, 487, 153-164. 

32. Jain, P.K.; El-Sayed, M.A. Surface Plasmon Coupling and its Universal Size Scaling in Metal 
Nanostructures of Complex Geometry: Elongated Particle Pairs and Nanosphere Trimers. J. Phys. 
Chem. C 2008, 112, 4954-4960. 

33. Voros, J. The Density and Refractive Index of Adsorbing Protein Layers. Biophys. J. 2004, 87, 
553-561. 

34. Turkevich, J.; Stevenson, P.C.; Hillier, J. A Study of the Nucleation and Growth Processes in the 
Synthesis of Colloidal Gold. Discuss. Faraday Soc. 1951, 11, 55-75. 

35. Piliarik, M.; Kvasnicka, P.; Galler, N.; Krenn, J.R.; Homola, J. Local Refractive Index Sensitivity 
of Plasmonic Nanoparticles. Opt. Express 2011, 19, 9213-9220. 

36. Ozhikandathil, J.; Packirisamy, M. Nano-Islands Integrated Evanescence-Based Lab-on-a-Chip on 
Silica-on-Silicon and Polydimethylsiloxane Hybrid Platform for Detection of Recombinant 
Growth Hormone. Biomicrofluidics 2012, doi:org/10. 1063/1. 4757968. 



© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



